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Abstract.  Previously, we found that anti-DDDED an- 
tibodies strongly inhibited in vivo nuclear transport of 
nuclear proteins and that these antibodies recognized a 
protein of 69 kD (p69) from rat liver nuclear enve- 
lopes that showed specific binding activities to the nu- 
clear location sequences (NLSs) of nucleoplasmin and 
SV-40 large T-antigen. Here we identified this protein 
as the 70-kD heat shock cognate protein (hsc70)  based 
on its mass, isoelectric point, cellular localization, and 
partial amino acid sequences. Competition studies in- 
dicated that the recombinant hsc70 expressed in Esche- 
richia coli binds to transport competent SV-40 
T-antigen NLS more strongly than to the point mu- 
tated transport incompetent mutant NLS. To inves- 
tigate the possible involvement of hsc70 in nuclear 
transport, we examined the effect of anti-hsc70 rabbit 
antibodies on the nuclear accumulation of karyophilic 
proteins. When injected into the cytoplasm of tissue 
culture cells, anti-hsc70 strongly inhibited the nuclear 
import of nucleoplasmin, SV-40 T-antigen NLS bear- 
ing BSA and histone H1. In contrast, anti-hsc70 IgG 
did not prevent the diffusion of lysozyme or 17.4-kD 
FITC-dextran into the nuclei. After injection of these 
antibodies, cells continued RNA synthesis and were 
viable. These results indicate that hsc70 interacts with 
NLS-containing proteins in the cytoplasm before their 
nuclear import. 
T 
He nuclear import of karyophilic proteins is a selec- 
tive,  mediated process.  Proteins enter the nucleus 
through the nuclear pore complex, a large protein- 
aceous structure present in the nuclear envelope (Feldherr 
et al., 1984). The pore complex contains an aqueous channel 
of approximately  100-A diam that allows the non-selective 
passive  diffusion  of microinjected molecules smaller than 
,o40 kD (for reviews see Dingwall and Laskey, 1986; New- 
port and Forbes,  1987; Gerace and Burke,  1988). But much 
larger karyophilic  proteins,  such as  RNP  (500  kD)  and 
signal-containing  immunoglobulin M (900 kD) can also be 
efficiently transported into the nucleus through nuclear pores 
(Michaud and Goldfarb,  1992; Yoneda et al., 1992), appar- 
ently because the pore channel expands to allow transloca- 
tion of karyophilic proteins (Akey and Goldfarb,  1989). 
Nuclear transport involves at least two steps, binding to 
the cytoplasmic face of nuclear pores, and subsequent trans- 
location through the nuclear pore complex.  The latter step 
requires ATP  (Richardson  et  al.,  1988; Newmeyer and 
Forbes,  1988), and is inhibited by wheat germ agglutinin 
(WGA)  ~  or antibodies that recognize nucleoporins,  a family 
1. Abbreviations used in this paper: GIcNAc, N-acetylglueosamine;  hse70, 
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droxylapatite;  IPTG, isopropyl-/~-a-thiogalactolryranoside; KLH, keyhole 
limpet hemocyanin; NLSs, nuclear location signal sequences; SMPB, sue- 
cinimidyl 4-(p-maleimidophenyl)  butyrate;  WGA, wheat germ agglutinin. 
of  nuclear  pore  proteins  that  contain  unique  O-linked 
N-acetylglucosamine  (GlcNAc) residues (Finlay et al., 1987; 
Yoneda et al.,  1987; Featherstone et al.,  1988). In vitro 
studies have indicated that nuclear transport requires multi- 
ple cytoplasmic  factors (Newmeyer  and Forbes, 1990; Adam 
and Gerace,  1991; Sterne-Marr et al.,  1992; Moore and 
Blobel,  1992) as well as pore complex proteins (Finlay and 
Forbes,  1990). Recently, Moore and Blobel (1992) demon- 
strated that the binding and translocation steps are mediated 
by distinct cytoplasmic fractions. 
The selective  nuclear import of proteins is directed by 
short amino acid sequences termed nuclear location signal 
sequences  (NLSs)  (for  recent reviews  see  Silver,  1991; 
Garcia-Bustos  et al.,  1991). Characteristically,  NLSs con- 
tain a high proportion of  basic amino acids, which are essen- 
tial for their function. However, there seems to be no strong 
consensus sequence among the various NLSs identified, al- 
though the amino acid sequence of each NLS is specific and 
critical for its function. For example, point mutations of key 
basic residues such as ~:SLys of SV-40 T-NLS dramatically 
reduce its  nuclear targeting  activity  (l.anford and Butel, 
1984; Kalderon et al.,  1984; Lanford et al.,  1988). 
Saturation ~netics provided an early indication that nu- 
clear import is a receptor-mediated  process (Goldfarb et al., 
1986).  Many attempts  have been made to  identify NLS 
receptors.  Candidate  NLS-binding  proteins  have  been 
identified by cross-linking  (Adam et al., 1989; Yamasaki et 
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ligand blotting (Silver et al., 1989; Meier and Blobel, 1990; 
Lee et al., 1991). Some of these proteins were found in the 
cytoplasm (100- and 70-kD proteins;  Yamasaki et al., 1989), 
some in the nucleus (66-kD protein; Li and Thomas, 1989) 
(76- 67-, 59-, and 58-kD proteins;  Benditt et al., 1989), and 
some in both these fractions (59- and 69-kD proteins; Adam 
et al.,  1989)  (140- and 55-kD protiens;  Yamasaki et al., 
1989) of mammalian  cells. 
Breeuwer and  Goldfarb  (1990)  physiologically  demon- 
strated the presence of a saturable NLS-binding protein(s)  in 
the cytoplasm of cultured mammalian  cells. Adam and Ger- 
ace (1991) purified NEM-sensitive cytosolic NLS-binding 
proteins of 54 and 56 kD identified by chemical cross-linking 
with SV-40 T-NLS as a probe, and showed that these proteins 
support nuclear import in a cell-free transport system using 
semi-permeabilized  cultured mammalian cells. Stochaj et al. 
(1991)  purified  yeast  NLS-binding  protein  of  70  kD 
identified  by ligand blotting  using  SV-40 T-NLS and other 
nuclear proteins as probes. Antibodies against  this protein 
cross-react with cytoplasmic 70-kD proteins from various 
cell sources including  vertebrate cells,  and inhibit  nuclear 
protein import in semi-permeabilized  cells (Stochaj and Sil- 
ver, 1992). These proteins may be cytoplasmic receptors of 
NLS-containing proteins in nuclear transport. 
We attempted to identify NLS-binding proteins with anti- 
bodies raised against synthetic DDDED peptide. Our strategy 
was based on the idea that a stretch of acidic amino acids in 
the NLS receptor may interact electrostaticaUy with the very 
basic amino acids of T-antigen-like NLSs (PKKKRKV). The 
cytoplasmic injection of anti-DDDED antibodies strongly in- 
hibited the in vivo nuclear transport of various nuclear pro- 
teins (Yoneda et al., 1988). Anti-DDDED antibodies recog- 
nized  several  proteins  in  nuclear  fractions.  Among these 
proteins,  we focused on a 69-kD nuclear envelope protein 
(p69)  that  bound tightly  to nucleoplasmin-Sepharose,  and 
was specifically  eluted by peptides based on the NLSs of 
nucleoplasmin  and SV-40 T-antigen (Imamoto-Sonobe et al., 
1990). 
In this study, we purified p69 and found that this protein 
is the 70-kD heat shock cognate protein (hscT0). Further- 
more,  we found that  antibodies against  hscT0 strongly  in- 
hibited the nuclear imports of km'yophilic proteins when in- 
jected into the cytoplasm of cultured mammalian cells. This 
inhibition was specific to the mediated import of karyophiles 
because these antibodies did not inhibit the diffusion of small 
non-km'yophilic proteins into the nucleus.  After injection of 
these antibodies,  cells were viable and continued RNA syn- 
thesis,  indicating  that the inhibition  was not the result of 
pleiotropic physiological  effects. 
HscT0 is known as the uncoating  ATPase  for clathrin- 
coated vesicles (Chappell et al., 1986). The heat shock fam- 
ily of proteins (hsps) behave as "chaperones; and have been 
implicated  in promoting protein folding, transport,  and as- 
sembly  in  both  eucaryotic  and  procaryotic  systems  (for 
reviews  see Lindquist and Craig,  1988;  Ellis  and van der 
Vies, 1991; Gething and Sambrook, 1992). Transloeation  of 
nascent proteins into the ER and mitochondria requires con- 
stitutively  expressed members of the hspT0 family on both 
sides of the membrane (Chirico et al., 1988; Deshaies et al., 
1988; Vogel et al.,  1990; Scherer et al., 1990; Kang et al., 
1990).  Their action is considered to facilitate  membrane 
translocation  by binding  hydrophobic  polypeptide domains 
following the leader sequences of unfolded nascent polypep- 
tides until they can be unloaded at a specific site for transport 
or assembly. The characteristics  of nuclear transport are due 
to a  unique  transport  process through  the large  aqueous 
channels of nuclear pores; The findings that SV-40 T-antigen 
NLS can target even 260 A colloidal gold particles ~eldherr 
et al., 1984; Dworetzky et al., 1988), and that mAbs against 
nuclear proteins can accumulate in the nucleus  by binding 
to their antigens in vivo (Tsuneoka et al., 1986; Borer et al., 
1989) suggest that karyophilic proteins are not unfolded ap- 
preciably  during  their  translocation  across  the  nuclear 
envelope. 
Hsc70 itself is known to be localized in both the cytoplasm 
and the nucleus,  and to shuttle between the nucleus and the 
cytoplasm (Mandell  and Feldherr,  1990).  In this paper we 
demonstrate the involvement of hsc70 in nuclear transport in 
living cells and discuss its role in nuclear transport in con- 
nection with its NLS-binding activity. 
Materials and Methods 
Cell Culture and Cell Labeling 
HEL-R66, an established cell line of human embryonic lung cells was cul- 
tured, plated for microinjection experiments, and labeled with [3H]uridine 
as described previously (Yoneda et al., 1987). HeLa cells were cultured in 
MEM supplemented with 10% FBS. For labeling, HeLa cells were cultured 
(1.5  x  106 cells/10-cm  tissue culture plate) for 18 h in MEM containing 
1.5 mg/1 of methionine, 10% FCS and [35S]methionine (12 MBq/1.5  x  106 
cells). 
Preparation of  Peptides, Nuclear Targeting  Proteins, 
and Affinity Gel 
Peptides  were synthesized  with a model 430A synthesizer (Applied Bio- 
systems, Inc., Foster City, CA), and purified by HPLC as described previ- 
ously (Imamoto-Sonobe et al.,  1990).  Histone H1 was purified from calf 
thymus as described previously  (Sanders,  1977).  Nucleoplasmin was pu- 
rified from Xenopus laevis oocytes as described previously (Imamoto- 
Sonobe et al., 1990). BSA was chemica~y conjugated to synthetic T-peptide 
(CPKKKRKVEDP)  by use of succinimidyl 4-(p-maleimidophenyl) buty- 
rate (SMPB) as described previously (Yoneda et al., 1988). Nueleoplasmin 
and hsc70 were conjugated  to CNBr-activated  Sepharose  4B (Pharmacia 
LKB Biotechnology  Inc., Uppsala,  Sweden) at a protein concentration of 
1 mg/ml. 
Partial Purification of  p69  from Bovine Liver 
Nuclear Envelopes 
p69 was partially purified from  high-salt detergent extracts of bovine liver 
nuclear envelopes,  the equivalent fraction of rat liver nuclei in which we 
originally detected p69, and the presence of p69 was determined by NLS- 
binding assay on nucleoplasmin-Sepharose as previously  described (Ima- 
moto-Sonobe et al.,  1990). Nuclei were isolated from freshly excised bo- 
vine liver as described by lmamoto-Sonobe et al. (1988), and crude nuclear 
envelopes were isolated using DNase I by the method described by Dwyer 
and Blobel (1976). One unit of nuclear envelope was defined as that derived 
from one OI>zt0 of nuclei. Based on the method described by Snow et al. 
(1987),  crude nuclear envelopes were treated sequentially  with high-salt 
buffer (0.5 M  NaCI,  0.1  mM MgCI2,  10%  sucrose,  10 mM triethanol- 
amine, pH 7.5, I mM Dq~, 0.2 mM PMSF, 10 t~g/ml leupeptin) and tow-salt 
detergent buffer (2% NP-40, 5 mM MgCI2,  10% sucrose,  10 mM trietha- 
nolamine, pH 7.5, 1 mM DTr, 0.2 mM PMSF,  10 #g/ml leupeptin), at an 
envelope concentration of 250 U/nil. The final precipitate was extracted 
with high-salt detergent buffer (20 mM MES, pH 6.0, 1.14% Triton X-114, 
0.3 M KC1, 1 mM EDTA, 1 mM DTT, 0.2 mM PMSF, 10 #g/ml leupeptin), 
at an envelope concentration of 2,000 U/rnl, and the extract was used as 
starting material for purification of p69. It was incubated at 37~  for 3 rain 
and then centrifuged to obtain a Triton X-114 non-partitioned supernatant 
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applied to 2 ml of hydroxylapatite  gel (HTP; Bio Rad Laboratories, Cam- 
bridge, MA) equilibrated with a solution of 20 mM potassium phosphate, 
pH 7.2, 0.3 M NaCl,  1 mM DTT, 0.2 mM PMSF, and 10 #g/ml leupeptin, 
and developed with a linear gradient of 20-250 mM potassium phosphate. 
The p69 recovered  in the first 1/3 of the fractions was purified further in 
a  linear gradient of 3-25%  (wt/vol) sucrose (40,000  rpm,  12h)  (model 
SW41Ti; Beckman Instruments, Palo Alto, CA) in a solution of 10 mM 
tfiethanolamine,  pH 7.5, 0.1 mM MgCI2, 0.3 M NaCI,  1 mM DTT, 0.2 mM 
PMSF,  and 10/zg/ml leupeptin. 
Purification of  p69 (Hsc70)  from the Cytoplasm of 
Ehrlich Ascites Tumor Cells 
Freshly harvested Ehrlich ascites tumor cells from the abdominal cavity of 
mice were washed with PBS and lysed in hypotonic buffer A (20 mM Hepes, 
pH 7.2,  10 mM KCI, 5 mM MgC12, 0.2 mM PMSE  10 #g/ml leupeptin, 
and 2 #g/ml cytochalasin B) by 10 strokes of a homogenizer.  The lysate was 
clarified by centrifugation at 45,000 rpm for 90 min (model 50.2Ti; Beck- 
man Instruments) and applied to DEAE-Sephacel equilibrated with buffer 
B (20 mM Hepes,  pH 7.2, 30 mM KCI, 5 mM MgCI2, 0.2 mM PMSF,  10 
#g/ml leupeptin). Materials were eluted with buffer B containing 130 mM 
KCI. The fraction containing p69 was applied to HTP gel equilibrated with 
buffer B. The column was washed with buffer C (30 mM potassium phos- 
phate, pH 7.2, 0.3 M KC1, 5 mM MgC12, 0.2 mM PMSF,  10/zg/ml leupep- 
tin), and then p69 was eluted with buffer C containing 80 mM potassium 
phosphate, pH 7.2 (buffer D), and applied to a phenyl-Sepharose column 
equilibrated with buffer D. The flow through fractions were pooled, sup- 
plemanted with ATP at a final concentration of 1 mM, and applied  to a 
column of chelating-Cellulofine  (charged with copper ions) equilibrated 
with buffer E (50 mM potassium phosphate, pH 7.2, 0.5 M KCI, 5 mM 
MgC12,  1 mM ATP, 0.2 mM PMSF  10 #g/nil leupeptin),  p69 was then 
eluted in a linear gradient from buffer E to buffer F (50 mM Tris-acetate, 
pH 3.0, 0.5 M KC1, 5 mM MgCl2,  1 mM ATE 0.2 mM PMSE  10 #g/ml 
leupeptin). Eluted fractions were neutralized with 1.5 M Tris-HC1, pH 8.8, 
and then dialyzed against buffer B. ATP was added to p69 immediately after 
its recovery from phenyl-Sepharose, and cbelating-Cellulofine  chromatog- 
raphy was performed in the presence of 1 mM ATP because addition of ATP 
increased the recovery  of p69. About 1 mg of p69 protein was recovered 
from 30 ml of cell pellet.  The optimal elution conditions of p69 on each 
chromatography were determined by immunoblotting with anti-p69 mouse 
serum as a probe. 
Purification of  Recombinant Hsc70 
The human hsc70 full-length eDNA clone (pHSC7)  was isolated from a 
lamda ZAP eDNA library constructed from poly(A)  + RNA of HeLa cells 
using 32p-labeled oligonucleotide  corresponding to the 5'-end coding se- 
quence of human hsc70 eDNA as a probe. A bacterial expression plasmid 
(pETHse70)  was constructed by inserting human hsc70 eDNA between the 
Ndd and BamHI sites of the expression vector pET3c.  An NdeI site con- 
taining the AUG initiation codon of the hsc70 eDNA was generated using 
a synthetic oligonucleotide to create the same coding sequence as that of 
the original human hsc70 eDNA. Escherichia  coli cells transformed with 
pETHsc70 were grown in Super Broth medium containing ampicillin at 
37~  to an O1)55o=0.5. Expression was  induced by addition of 1 mM 
isopropyl-/3-D-thiogalactopyranoside  (IPTG)  and incubation for  1.5 h  at 
37~  Hsc70 was purified from inclusion bodies, which contained nearly 
80% of the expressed protein. Cells were harvested by centrifugntion and 
were resuspended at 2/100 ml of the original culture volume in buffer G (50 
mM Tris-HCl, pH 8.3, 100 mM NaCI, 1 mM EDTA). Lysozyme was added 
at 1 nag/nil, and the call suspension was incubated with occasional gentle 
shaking for 30 min on ice.  Then, the suspension was adjusted to 10% of 
the original volume of culture by adding buffer G containing 5 mM DTT 
and 1 mM PMSF, and the cells were ruptured by sonication. Inclusion bod- 
ies were collected by centrifugation (20 min at 50,000 g, 4~  and washed 
by  sonication and  centrifugation in  buffer  G.  Finally,  the  pellet  was 
resuspended in buffer H (6 M guanidininm-HCl, 10 mM DTT, 20 mM Tris- 
HC1, pH 7.4), and proteins were extracted.  The extract was cleared by cen- 
trifugation (20 min at I0,000 g, 4"C) and dialyzed against buffer I (20 mM 
Hepes, pH 7.3, 100 mM NaCl, 5 mM MgCI2, 1 mM PMSF,  1 mM DTT). 
Aggregates  that formed during dialysis  were removed by centrifugation, 
bearing most of the hsc70 in the supernatant, which was then applied to 
ATP-agarose  (linked through C-8; Sigma Chemical Co., St.  Louis, MO) 
column. The column was washed successively  with buffer I, buffer I con- 
tnining 0.5 M NaC1, and buffer I. Hsc70 was then eluted with buffer I con- 
taining 3 mM ATP (Schlossman et al.,  1984). The final preparation con- 
tained hsc70 protein of more than 95 % purity (determined by SDS-PAGE). 
The purified recombinant hsc70 supported nuclear transport in semi-perme- 
abilized cells with the same efficiency as that of hsc70 purified from Ehrlich 
ascites tumor cell cytoplasm (unpublished observation). 
Fractionation of  Cells 
Freshly harvested Ehrlich ascites tumor cells were lysed in hypotonic buffer 
A as described above. The cell lysates  were centrifuged (10,000 rpm,  15 
rain, in an Eppendorf tube; Brinkman Instruments Inc., Westbury, NY) to 
yield a supernatant (cytoplasm) and a precipitate.  Nuclei were purified from 
the precipitate by centrifugation through a sucrose cushion as described by 
Blobel and Potter (1966). Nuclei treated with DNase I (50 #g/ml, room tem- 
perature, 20 min) in buffer J (10% sucrose,  10 mM triethanolamine, pH 7.5, 
0.1 mM MgC12, 0.2 mM PMSE  10 #g/ml leupeptin) were centrifuged  to 
obtain a  supernatant (DNase I extract)  and precipitate of crude nuclear 
envelopes. Proteins were extracted from the nuclear envelopes sequentially 
with the following solutions: high-salt buffer (10% sucrose,  20 mM MES, 
pH 6.0, 0.5 M NaCI, 0.1 mM MgC12, 0.2 mM PMSE 10 #g/ml leupeptin), 
low-salt detergent buffer (buffer J containing 2% Triton X-100 and 5 mM 
MgC12) and high-salt detergent buffer (20 mM MES,  pH 6.0, 2 % Triton 
X-100, 0.3 M NaCI,  1 mM EDTA, 0.2 mM PMSE and 10 #g/ml leupeptin). 
For the results in Fig.  7, crude nuclear envelopes  were isolated from 
HeLa cells as described above and nuclear envelope proteins were extracted 
directly with modified  high-salt detergent buffer  (50 mM Tris,  pH  7.5, 
0.5 M  NaCI,  2%  NP-40,  5  mM  MgCI2,  0.2  mM  PMSF,  10  #g/ml 
leupeptin). 
Antibodies 
For immunizations,  materials were injected into animals first with complete 
Freund's adjuvant, and subsequently with incomplete Freund's adjuvant. 
Anti-p69 mouse serum was prepared by intraperitoneal injections of par- 
tially purified bovine liver nuclear envelope p69 separated  on SDS-PAGE 
gel and located by staining with 0.25% Coomassie brilliant blue (1 #g pro- 
tein/each immunization). Rabbit anti-hsc70  antibodies were prepared by 
subcutaneous injection of hsc70 purified  from Ehrlich ascites tumor cell 
cytoplasm (40 #g protein/immunization) as described above and antibodies 
specific  for hsc70 were isolated by affinity  chromatography on purified 
hsc70-conjugated  Sepharose 4B. For microinjection experiments,  affinity- 
purified antibodies were concentrated in a Centricon 30 (Amicon Corp., 
Danvers, MA). mAb Q1 was prepared using a synthetic peptide CGGDDD- 
EDGG (DDDED-peptide) chemically conjugated to keyhole limpet hemo- 
cyanin (KLH) by use of SMPB for immunizations, as previously described 
(Yoneda et al.,  1988). Spleen cells from an immunized BALB/c mouse (by 
intraperitoneal injections,  except for a final boost by intravenous injection; 
100/~g protein/injection) were fused with myeloma cells (SP2/0)  using 
polyethylene glycol-4,000.  Culture supernatants were screened by antibody 
capture assay  in polyvinylchloride plates coated with DDDED-peptide- 
conjugated  ovalbumin and  125I-anti-mouse  IgG  (heavy  and light chain 
specific) was used for detections.  Hybridomas that reacted with KLH cross- 
linked only with SMPB were neglected.  Of the mAbs against  DDDED- 
peptide,  the antibody named Q1 reacted with hsc70 as shown by the radio- 
immunoassay  described above in a hsc70-coated plate.  QI antibody (IgM) 
was purified from ascitic fluid of mice with implanted Q1 hybridomas by 
precipitation with 40% saturation of ammonium sulfate followed by Seph- 
acryl S-400 chromatography on a column equilibrated with 20 mM borate, 
pH 8.0, 0.5 M NaC1. Mouse mAb C8 (IgM), which did not interact spe- 
cifically with cellular proteins (determined by indirect immunofluorescence 
and immunoprecipitation) was used as a control. 
NLS-binding Analysis 
NLS-binding activities were determined on nucleoplasmin-Sepbarose as 
described previously (Imamoto-Sonobe et al.,  1990).  For analysis  of the 
NLS binding activity of  the high-salt detergent extracts of nuclear envelopes 
(see Figs.  1 c, and 5, c and d), the sample was diluted to 200 U/rnl with 
the incubation buffer K(50 mM Hepes, pH 7.3, 50 mM KCI, 5 mM MgC12, 
15 mM octylglucoside,  0.5 mM DTT, 10 #g/ml leupeptin, 5 #g/ml pepsta- 
tin) before incubation with nucleoplasmin-Sepbarose.  After incubation (1 h 
at 4~  the Sepharose was washed with incubation buffer K, and eluted se- 
quentially with incubation buffer  K containing 1 mM mutant T-peptide 
(CPKTKRKVEDP) and buffer K containing 1 mM T-peptide (CPKKKR- 
KVEDP). Samples were analyzed by SDS-PAGE followed by immunoblot- 
ting probed with anti-p69 mouse serum and anti-hse'/0  rabbit antibodies. 
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was labeled with t25I (3  x  106 cpm//~g sp act protein) with enzymobeads 
(Bio-Rad), and then incubated with nucleoplasmin-Sepharose  in incubation 
buffer K containing 1 rag/rot BSA and 0.25 mM ATP (6 h at 4~  in the 
presence of various amounts of wild type T(24)-peptide containing a flank- 
ing sequence (CYDDEATADAQHAAPPKKKRKVED)  or its point mu- 
tated mutant-T(24)  peptide (CYDDEATADAQHAAPPKNKRKVED).  The 
gel was washed with incubation buffer K containing 0.5 mg/ml ovaibumin 
and 0.25 mM ATE and then incubated in the same incubation buffer con- 
taining 2 mM nucleeplasmin-peptide  (YAVKRPAATKKAGQAKKKKLDC; 
nucleoplasmin NLS) at 4"C for 12 h. Proteins eluted from the gel were ana- 
lyzed by SDS-PAGE followed by autoradiography. 
Sequence Analysis 
p69 purified from the cytoplasm of Ehrlich ascites tumor cells (,~,2 nmoles) 
was digested  with Achromobacter  pmteese I  (lysylendopeptidase;  Wako 
Pure Chemicals Industries,  Ltd., Ch~ oku, Osaka) at an enzyme to sub- 
strate ratio of 1:100 (mole/mole)  in 1 ml of 10 mM Tris-HC1, pH 9.5, at 
37~  for 6 h (Tsunasawa et ai.,  1989). The resulting peptides were sepa- 
rated by HPLC on a gBondasphere column (3.9  x  15 era, C4, 300 A; Mil- 
lipore Corporation, Waiters Chromatography,  Milford, Massachusetts) with 
a linear gradient of 0-60% 2-propanol/acetonitrile (7/3, vol/vol)  in 0.1% 
trifluomacetic acid at a flow rate of 1 ml/min for 60 rain. The sequences 
of five isolated peptides were determined in a gas-phase sequenator (model 
477A; Applied Biosystems). 
Immunoblottings 
Proteins were separated by 10% SDS-PAGE or two-dimensionai  gel elee- 
trophoresis and transferred electrophoretically  to  nitrocellulose sheets. 
Western blots were probed with anti-p69 mouse serum (1/300 dilution) or 
affinity-purified  anti-hsd0 rabbit antibodies (5 gg/ml; the specificities  of 
antibodies were confirmed by raising the IgG concentration to 200 gg/ml 
and showing  that no additional protein bands or spots were detected) in 
buffer containing 20 mM Tris-HC1, pH 7.5, 1% skim milk~ and 0.3 M NaC1 
for 4 h at room temperature after blocking with PBS containing 3% skim 
milk for 2 h. Mouse and rabbit antibodies were detected with alkaline phos- 
phatase-conjngated goat antibodies to mouse or rabbit IgG (Bio-Rad)  by 
the standard method. 
Immunoprecipitations 
HeLa cell nuclear envelope proteins (see above) or 125I-hsc70 (described 
above) was incubated with 25 gg of mouse mAb in 300/A of a solution of 
50 mM Tris-HCl, pH 7.5, 2% NP-40, 0.5 M NaCl, 5 told MgCIe, 5 mg/ml 
BSA, 0.2 mM PMSF, and 10 ttg/ml leupeptin at 4"C for 1 h. Proteins bound 
to QI were precipitated with rabbit anti-mouse IgM and protein A-Seph- 
arose by incubation for another 1 h after addition of these proteins to the 
extracts. 
Two-dimensional Gel Electrophoresis 
This procedure was carried out as described previously (Yoneda et ai., 
1985). 
Results 
Identification of  Nuclear Envelope 69kD Protein 
Showing NLS-binding Activity with Hsc70 
A rat liver nuclear envelope protein of 69 kD (p69) recog- 
nized by anti-DDDED antibodies bound tightly  to nucleo- 
plasmin-Sepharose,  and was specifically eluted by peptides 
based on the NLSs of both SV-40 large T-antigen and nucleo- 
plasmin 0mamoto-Sonobe et al., 1990). The 69-kD protein 
in the high-salt  detergent extract from bovine liver nuclear 
envelopes, the equivalent fraction of rat liver nuclei in which 
we detected p69 (lmamoto-Sonobe et al., 1990), showed the 
same NLS-binding activity. We partially purified p69 from 
bovine liver nuclear envelopes (Fig.  1 a), and raised mouse 
antibodies against this protein (Fig.  1 b). As shown in Fig. 
1 c, the 69-kD protein detected by the mouse serum in the 
nuclear envelope extracts  was eluted specifically  from nu- 
cleoplasmin-Sepharose  with  1.0  mM T-peptide  (transport 
competent) but only slightly with 1.0 mM mutant T-peptide 
(transport  incompetent).  The specific NLS-binding  activity 
of the partially purified 69-kD protein shows that this protein 
is the bovine homologue of rat p69 0mamoto-Sonobe et al., 
1990). 
On immunoblotting,  this mouse antiserum recognized a 
protein of 69 kD not only in nuclear envelope fractions but 
also in cytoplasmic fractions of bovine, mouse, and human 
cells (data not shown). The protein band of ,,o45 kD recog- 
nized by the mouse antiserum (see Fig. 1, b and c) was often 
not detected in cultured cell extracts and its intensity varied 
in different experiments. 
We found that the 69-kD protein was more abundant in 
rapidly growing cells than in non-dividing cells such as those 
of liver tissue.  Cell fractionation  studies showed that most 
of the 69-kD protein was extracted  in the cytoplasmic frac- 
tion with hypotonic buffer (Fig.  2). Therefore,  using  anti- 
p69 mouse serum as probe, we purified the 69-kD protein 
from the cytoplasmic fraction of Ehrlich ascites tumor cells 
extracted with hypotonic buffer (Fig. 3 a). The final prepara- 
tion  migrated  as  a  single  component of pI  5.8  on  two- 
dimensional gel electrophoresis (Fig. 3 b). As shown in Fig. 
4, the amino acid sequences of five peptides derived from 
this protein were found to be identical to those of rat 70-kD 
heat  shock  cognate  protein  (hsc70)  reported  previously 
(O'Malley et al., 1985). From its mass, isoelectric point, cel- 
lular localization,  and partial amino acid sequences, we con- 
eluded that the 69-kD protein recognized by anti-p69 mouse 
serum is hsc70. 
In further studies,  rabbits were immunized  with purified 
hsc70,  and  antibodies specific  to hsc70  were affinity  pu- 
rified  with purified  hsc70-conjugated  Sepharose.  Affinity- 
purified anti-hsc70 antibodies recognized a  single  protein 
band of 69 kD in both the cytoplasmic and nuclear envelope 
fractions on Western blots (Fig. 5 a). The cytoplasmic and 
nuclear envelope 69-kD proteins recognized by these anti- 
bodies migrated as a  single  component of pI 5.8 on two 
dimensional  gel electrophoresis (Fig.  5 b). 
To confirm that  the nuclear envelope-associated  69-kD 
protein (p69) that showed NLS-binding activity was hsc70, 
we examined whether highly  specific anti-hsc70 antibodies 
could actually recognize p69. As shown in Fig. 5 c, these an- 
tibodies recognized the nuclear envelope 69-kD protein that 
bound tightly to nucleoplasrnin-Sepharose  and was specifi- 
cally eluted with 1.0 mM T-peptide (but only slightly  with 
the same concentration  of mutant T-peptide).  The protein 
eluted with peptide detected by these antibodies migrated as 
a single component of pI 5.8 on two-dimensional  gel elec- 
trophoresis (Fig. 5 d). Therefore,  we concluded that 1369, the 
nuclear envelope 69-kD protein that showed specific NLS- 
binding  activity,  is hsc70. 
Interaction of  Recombinant HscTO Expressed in 
E. Coil with NLS 
We examined the interactions  of purified hscT0 with NLS. 
For this, recombinant hsc70 expressed in E. coli was purified 
by chromatography,  iodinated,  and incubated  with nucleo- 
plasmin-Sepharose  in the presence of various amounts of 
transport competent synthetic SV-40 T-NLS or transport in- 
The Journal of Cell Biology, Volume 1  t9, 1992  t050 Figure L Partial purification of p69 from nuclear envelopes. (a) Silver stained profile of proteins at each purification step separated by 
SDS-PAGE. (Lane 1) High-salt detergent extract of bovine liver nuclear envelopes; (lane 2) Triton X-I14 non-partitioned fractions; (lane 
3) hydroxylapatite  fraction; (lane 4) sucrose gradient fraction. Proteins equivalent  to 10 U of nuclear envelopes were loaded in each lane. 
(b) Western blots tested with anti-p69 mouse antibodies raised against partially purified p69 excised from gel. Lanes I and 2 are Western 
blots of partially purified p69 (lane 4 in Fig. 1 a) incubated with preimmune serum (lane 1) and anti-p69 mouse serum (lane 2). (c) NLS 
binding assay  of  69-kD protein detected with anti-p69 mouse serum. The Triton X-114 non-partitioned  fraction (lane 2 in Fig. 1  a) equivalent 
to 250 U of  nuclear envelopes  was mixed with  nueleoplasmin-Sepharose  (100-t~l  gel). Incubation  and elution of  protein from nucleoplasmin- 
Sepharose with synthetic peptides were carried out as described under Materials and Methods. Lanes 1--4 show the profiles of proteins 
separated by SDS-PAGE and stained with silver, and lanes 5-8 are Western blots of samples corresponding to lanes 1-4 incubated with 
anti-p69 mouse serum. (Lanes I and 5) Total proteins mixed with nucleoplasmin-Sepharose;  (lanes 2 and 6) proteins not bound to nucleo- 
plasmin-Sepharose; (lanes 3 and 7) proteins eluted with 1 mM mutant T-peptide; (lanes 4 and 8) proteins eluted with 1 mM T-peptide. 
The molecular weight markers were phosphorylase b, 94 kD; BSA, 68 kD; ovalbumin,  43 kD; and carbonic anhydrase, 30 kD. Arrowheads 
indicate the position of p69. 
competent point mutates  mutant NLS (see Materials and 
Methods). Hsc70 that specifically bound to nucleoplasmin- 
NLS was eluted by incubating the Sepharose with an excess 
amount of nucleoplasmin-peptide (Imamoto-Sonobe et al., 
1990). As shown in Fig. 6, the NLS-specific binding of  hsc70 
to nucleoplasmin-Sepharose was effectively  blocked by wild 
type NLS, while mutant NLS was only slightly inhibitory. 
These findings are  consistent with previous results  (Ima- 
moto-Sonobe et al.,  1990),  and indicate that under our ex- 
perimental conditions, hsc70  shows specific NLS-binding 
activity. 
Recognition  of  Hsc70 by Antibody Raised against 
DDDED Peptide 
To reassess the original identification  of  p69 by anti-DDDED 
polyclonal  antibodies,  we  obtained  rnAbs  against  the 
DDDED peptide. One of  these, Q1 (IgM), precipitated a sin- 
gle protein band of 69 kD from a crude nuclear envelope ex- 
tract of [35S]methionine labeled HeLa ceils (Fig. 7 a). Anti- 
hsc70 rabbit antibodies recognized this immunoprecipitated 
protein band on an immunoblot (Fig. 7 b). Q1 antibody also 
reacted  with purified  hsc70  coated  on polyvinylchloride 
plates (see Materials and Methods). Moreover, Q1 antibody 
specifically precipitated iodinated hsc70,  whereas  control 
mouse monoclonal antibody C8 (IgM) did not (Fig. 7  c). 
These results show that antibody against the DDDED pep- 
tide recognizes hsc70. 
Inhibition by Anti-hsc70 Antibodies of Nuclear 
Import of  KaryophiUc Proteins 
We examined the effects of affinity purified anti-hsc70 anti- 
bodies on the in vivo nuclear transport of karyophilic pro- 
teins. For this, affinity  purified anti-hsc70 antibodies were in- 
jected with nucleoplasmin, or SV-40 T-antigen NLS bearing 
BSA  (T-BSA) into the cytoplasm of cultured human em- 
bryonic lung cells (HEL). After incubation at 37~  for 30 
min, the cells were fixed and the loeali~tions of injected 
proteins were examined  by fluorescence  microscopy (Yoneda 
et al., 1988).  As shown in Fig. 8, anti-hsc70 antibodies in- 
hibited nuclear transport of karyophilic proteins. In typical 
cases,  injection of a  solution of anti-hsc70 antibodies at a 
Imamoto  et aL Nuclear Protein Transport and Heat Shock Protein  1051 Figure 2. Cellular localization of  p69. West- 
ern blots of cytoplasmic and nuclear frac- 
tions from Ehrlich ascites tumor ceils incu- 
bated with anti-p69 mouse serum (a) and 
preimmune serum (b). Samples of 20 #g of 
proteins were loaded in the lanes. Results 
are for cytoplasmic proteins (lane 1) and 
proteins sequentially extracted from nuclei 
with DNase I (lane 2), high-salt (lane 3), 
low-salt detergent  (lane 4),  and high-salt 
detergent (lane 5). The molecular weight 
markers  were  phosphorylase  b,  110 kD; 
BSA, 84 kD; ovalbumin, 47 kD; carbonic 
anhydrase, 33 kD; soybean trypsin inhibi- 
tor, 24 kD; and lysozyme, 16 kD (Bio-Rad's 
prestained standards). The arrowhead indi- 
cates the position of p69. 
protein concentration of 20 mg/ml completely inhibited the 
nuclear transports of both nucleoplasmin and T-BSA (Fig. 8, 
d and h). The concentration of  anti-hsc70 antibodies required 
for complete inhibition varied with the lot of affinity purified 
antibodies (from 10 to 30mg/rnl). As shown in Fig. 8j, after 
injection of these antibodies at lower protein concentration, 
small amounts of nucleoplasmin (and also T-BSA) migrated 
into the nucleus, indicating that small proportions of the nu- 
clear proteins escaped from inhibition and entered the nu- 
cleus. The transport inhibitory activity of these antibodies 
was blocked by chromatographically purified bacterially ex- 
pressed recombinant hscT0, confirming that the inhibitory 
The Journal of Cell Biology,  Volume 119, 1992  1052 Figure 3.  Purification of p69 from Ehrlich ascites tumor cell cytoplasm. (a) Coomassie blue profile of proteins from pooled fractions at 
each purification step separated by SDS-PAGE and Western blots of the corresponding proteins incubated with anti-p69 mouse serum and 
preimmune serum. (Lane 1) Total cytosol (30 #g); (lane 2) DEAE-Sephacel fraction (10 #g); (lane 3) hydroxylapatite fraction (20 #g); 
(lane 4) phenyl-Sepharose fraction (2 #g); (lane 5) chelating-CeUulofine  fraction (2 #g). (b) Coomassie blue profile of purified p69 (10 #g) 
separated by two-dimensional gel electrophoresis. Molecular weight markers (left-most lane) were as for Fig.  1. Arrowheads indicate the 
position of p69. 
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Figure 4.  Partial am{me acid 
sequences of  p69. (a) Reverse- 
phase high performance chro- 
matography  of  protease  di- 
gests of  p69. Peptides obtained 
by digestion of  1369 (2 nmoles) 
with Achromobacter protease 
I were chromatographed on a 
v.Bondasphere column (3.9  x 
15 cm, C4, 300/~; (Millipore 
Corporation) as described un- 
der  Materials  and  Methods. 
The peptides  in the five peaks 
indicated  by  anx~s  (A-E) 
were  sequenced  by  Edman 
degradation.  (b)  Amino acid 
sequences of the five peptides 
(A-E) indicated in a. The cor- 
responding  residue  numbers 
in  the  primary  structure  of 
hsc70 (O'Malley et al.,  1985) 
are also indicated. 
effect was not caused by contaminating  antibodies or pro- 
teins (Fig. 9). 
Breeuwer and Goldfarb (1990) reported that small non- 
karyophilic proteins, such as lysozyme, rapidly diffuse into 
the nucleus,  whereas  karyophilic  proteins  that are  small 
enough to diffuse through the nuclear pore, such as histone 
HI, are complexed in the cytoplasm probably by NLS re- 
ceptor(s),  and that they do not diffuse into the nucleus. So 
small karyophilic proteins such as histone H1 (21 kD) must 
accumulate in the nucleus by a receptor  mediated import 
pathway. To determine whether the inhibitory effects of anti- 
hsc70 antibodies were specific to the mediated  nuclear ac- 
cumulation of karyophilic proteins,  we examined the effects 
of these antibodies on the nuclear  imports  of small mole- 
cules, such as historic H1 (21-kD basic karyophilic protein), 
lysozyme  (14.4-kD  basic  non-karyophilic  protein),  and 
Figure 5. Identification  of p69 as Hsc70 with anti-hsc70 rabbit antibodies.  Rabbits were immunized with purified hsc70 described in Fig. 
3, and antibodies  specific  to hsc70 were affinity purified  with purified  hsc70-conjugated  Sepharose.  (a) Proteins from the supernatant 
(100,000 g, 60 min) (lane 1) and precipitate (lane 2) of the cytoplasm; DNase I extracts  (lane 3); nuclear envelope precipitate (lane 4) 
from Ehrlich ascites tumor cells were immunoblotted with anti-hsc70 rabbit antibodies and preimmune serum. Samples of 30/zg of  proteins 
were loaded in each lane. (b) Western blots of  proteins from total cell extracts (top), cytoplasm (middle) (lane 1 in a), and nuclear envelopes 
(bottom) (lane 4 in a) of Ehrlich aseites tumor cells separated by two-dimensional  gel electrophoresis probed with anti-hsc70 antibodies. 
(c) NLS-b'mding assay of hscT0 in the nuclear envelope fraction. Nuclear envelope proteins extracted with high-salt detergent buffer (20 
mM MES, pH 6.0, 2% Triton X-100, 0.3 M NaCl, 1 mM EDTA,  10 #g/ml leupeptin,  0.2 mM PMSF) from Ehrlich ascites  tumor cell 
nuclear envelopes were mixed with nucleoplasmin-Sepharose as in Fig. 1 c. Incubation and elution of protein from nucleoplasmin-Sepha- 
rose with synthetic peptides were carried out as described under Materials and Methods. Total proteins mixed with nucteoplasmin-Sepha- 
rose (lane 1), proteins not bound to nucleoplasmin-Sepharose (lane 2), proteins eluted with 1 mM mutant T-peptide (lane 3), and proteins 
eluted with 1 mM T-peptide (lane 4) were analyzed by SDS-PAGE followed by immunoblotting probed with anti-hscT0 rabbit antibodies. 
(d) Materials specifically eluted with 1.0 mM T-peptide from nucleoplasmin-Sepharose (proteins corresponding to Fig. 5 c, lane 4) alone 
(top), or the same materials  mixed with purified hsc70 (bottom) were separated by two-dimensional  gel electrophoresis,  and immunoblotted 
with anti-hsC70 antibodies.  The material examined migrated as a single protein spot of 69 kD, pI 5.8, and co-migrated with purified hsc70. 
The molecular weight markers were as for Fig.  2. Arrowheads indicated  the position of hsc70. 
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Figure 6. NLS-binding activities of bacterially expressed recombi- 
nant hsc70. Recombinant human hsc70 expressed in E.  coli was 
purified by chromatography as described in Materials and Meth- 
ods. For each assay, 0.5/zg of purified hsc70 labeled with ~25I (3 
x  106 cpm/#g) was incubated with 15/~l of nucleoplasmin-Seph- 
arose (correspond to 15/xg nucleoplasmin) in the presence of vari- 
ous amounts (0-3 raM) of Tt24rpeptide  (o) or mutant Tt~rpeptide 
(o). After incubation, hsc70 was ehted from Sepharose with 2 mM 
nucleoplasmin-peptide. Eluted hsc70 was analyzed by SDS-PAGE 
followed by autoradiography and the amount of hsc70 was mea- 
sured by densitometric scanning. The amount of hsc70 precipitated 
in the absence of competitive peptides was taken as 100%. 
FITC-dextran (17.4-kD  non-karyophilic molecule). Rhoda- 
mine (RITC)-labeled histone HI, RITC-lysozyme, or FITC- 
dextran was injected into the cytoplasm of HEL cells with 
affinity-purified anti-hsc70 or control IgG. After incubation 
for 30 min at 37~  the cells were fixed and the localizations 
of the labeled molecules were determined by fluorescence 
microscopy. When co-injected with anti-hsc70, non-karyo- 
philic molecules such as lysozyme and dextran rapidly mi- 
grated into the nucleus within 30 min, whereas karyophilic 
histone H1  was  retained in  the cytoplasm (Fig.  10).  Co- 
injection of control IgG did not affect the nuclear migrations 
of these molecules. (Accumulation of nonkaryophilic small 
molecules in the nucleus, as observed here, is generally ob- 
served phenomena) (Breeuwer and Goldfarb, 1990; Yoneda 
et al.,  1987,) These results show that the inhibitory effect of 
anti-hsc70 antibodies is specific to the mediated nuclear im- 
port of karyophilic proteins and that the inhibition of nuclear 
accumulation of karyophilic proteins is not caused by physi- 
cal obstruction of nuclear pores, such as by antibody-hsc70 
complexes. 
70-kD heat shock proteins are thought to participate in 
various cellular processes (for reviews see Pelham,  1986; 
Rothman,  1989; and Gething and Sambrook, 1992). Injec- 
tion of anti-hsc70 may have a general toxic effect on ceils, 
such as by ATP depletion, or by killing the cells, which may 
affect the mediated import indirectly. To exclude these possi- 
Figure 7. Recognition ofhsc70 by anti-DDDED mAb Q1. (a) Immu- 
noprecipitations with mAb QI (lane 2) and control mAb C8 (IgM) 
(lane 3) of high-salt detergent extract of nuclear envelopes isolated 
from [35S]methionine labeled HeLa cells. Lane 1 shows the total 
labeled proteins in the extract. (b) Western blots of proteins im- 
munoprecipitated with  Q1  (lane 2)  and  C8  (lane 1)  with  anti- 
hscT0 rabbit polyclonal antibodies.  (c) Immunoprecipitations of 
125I-labeled purified hsc70 with Q1 (lane 2) and C8 (lane 1). Mo- 
lecular weight markers were as for Fig. 1. Arrowhead indicates the 
position of hsc70. 
bilities, we performed two experiments to confirm that anti- 
body injection did not kill the ceils or deplete them of energy. 
When the antibodies were injected with karyophilic proteins 
and the cells were incubated for 3 h before fixation, these 
proteins were found in the nuclei. Furthermore, when karyo- 
philic proteins were injected 3 h after the antibodies, they ac- 
cumulated in the nucleus within 30 min (data not shown). 
These results show that the inhibitory effect of antibodies 
was reversible and that injected cells were viable, at least 
with the amounts of the antibodies that could inhibit the nu- 
clear protein import. 
Next, we examined the effect of injection of anti-hsc70 on 
RNA synthesis in the cells. As shown in Fig.  11, the level 
of [3H]uridine uptake  after the  injection was  almost  the 
same as that by untreated cells (and also of that of cells after 
injection of normal rabbit IgG). This shows that ATP was not 
depleted in cells after injection of a concentration of antibod- 
ies  that  inhibited  nuclear  import.  Taken  together,  these 
results  strongly  suggest  that  a  member  of  70-kD  heat- 
shock protein plays an important role in mediated nuclear 
protein import in living cells. 
Discussion 
We have purified a nuclear envelope-associated 69-kD pro- 
tein (p69) that was originally identified by anti-DDDED an- 
tibodies as an NLS-binding protein (Imamoto-Sonobe et al., 
1990). The mass, pI, cellular localization, and amino acid 
The Journal of Cell Biology, Volume 119,  1992  1056 Figure 8.  Effects of anti-hsc70 
antibodies  on  nuclear  trans- 
port  of  nucleoplasmin  and 
SV-40 T  NLS-BSA.  Affinity- 
purified rabbit anti-hsc70 anti- 
bodies (20 mg/ml in c, d, g, 
and h, and 15 mg/ml in i and 
j)  or  control  antibodies  (20 
mg/ml in a, b, e, and f) were 
injected with T-BSA (1.5 rag/ 
ml in a, b, c, and d) or nacleo- 
plasmin (0.7 mg/ml in e, f, g, 
h, i, and j) into the cytoplasm 
of HEL cells. The cells were 
then incubated at 37~  for 30 
min before fixation. The sub- 
cellular  locations  of injected 
nuclear proteins were detected 
by  indirect  immunofluores- 
cence  staining  with  mouse 
mAbs  to  nucleoplasmin  or 
sheep antibodies to BSA, and 
then  with  FITC-conjugated 
antibodies to mouse or sheep 
IgG. Procedures  were as de- 
scribed by Yoneda et al. (1988). 
sequences  of the  purified  protein  showed  that  it  is  hsc70. 
Hsc70 was recognized by antibody raised against DDDED- 
peptide  (Fig.  7).  Because  the  primary  sequence  of hsc70 
does not contain the sequence  DDDED,  this antibody may 
recognize nonlinear epitopes of the folded hsc70 molecule. 
Nuclear envelope-associated hsc70, and the purified bacteri- 
ally  expressed  recombinant  hsc70  indeed  showed  specific 
NLS-binding  activities  (Fig.  5,  c  and d  and Fig.  6).  In the 
previous study, we found that p69 is membrane associated, 
but is not an integral membrane protein  (Imamoto-Sonobe 
Imamoto et al. Nuclear Protein  Transport and Heat Shock Protein  1057 Figure 9. Absorption of the inhibitory activity of anti-hsc70 anti- 
bodies with recombinant hsc70 expressed in bacteria. Volumes of 
10/tl  of anti-hsc70 antibodies (18 mg/ml) incubated with 120 ~g 
of BSA (top) or chromatographically purified recombinant hs~0 
(bottom) for 4 h at 4~  were co-injected  with FITC-labeled  T-BSA. 
The cells were then incubated  at 37~  for 30 rain before fixation, 
and the subcellular locations of injected FITC-T-BSA  were exam- 
ined by fluorescence microscopy. 
et al., 1990). 1)69 was recovered in the Triton X-f14 nonpar- 
titioned  fraction  of nuclear  envelope extracts  containing 
nonintegral  membrane proteins ~ig. 1 c). Hsc70 is also cer- 
tainly not an integral membrane protein. Moreover, a small 
portion of  hsc70 is tightly associated with nuclear envelopes, 
and is extracted most effectively with buffer containing  both 
high  salt and detergent (unpublished  observations).  From 
these findings, we conclude that p69 identified previously is 
hsc70. 
Our previous observations of predominant  nuclear rim 
staining  with anti-DDDED antibodies (together with pre- 
dominant  immunoabsorption activity in nuclear envelope 
fractions) suggest that the proteins recognized by these anti- 
bodies might localiTe exclusively  in the nuclear envelope 
(Yoneda et al., 1988). Anti-DDDED antibodies detected p69 
chromatographically only from the nuclear envelope frac- 
tions. However, these antibodies also recognized a consider- 
able amount of the 69-kD protein in the nucleoplasm and 
DNase I supernatant on immunoblotting,  suggesting that p69 
may be present not only in the nuclear envelope but also 
diffusely throughout the nucleus (Imamoto-Sonobe et al., 
1990). The present results indicate that p69 is hsc70, a pro- 
tein that is localized diffusely throughout the cytoplasm and 
the nucleus. Then, why did the original antibodies show pre- 
dominant nuclear-rim staining  instead of diffusive staining 
throughout the cytoplasm and the nucleus? Two possible ex- 
planations  can be considered: (a) The original anti-DDDED 
antibodies may have recognized a specific site (or conforma- 
tion) of the hscT0 molecule that is "masked" or "unexposed" 
in the cytoplasm or DNase I supernatant,  and thus they may 
have predominantly  recognized a subpopulation of  hsc70 that 
is associated with nuclear envelopes;  and (b) the original 
anfi-DDDED antibodies may have recognized several pro- 
teins from nuclear envelopes, one of which was p69. If this 
was the case, nuclear-rim  staining  would be stronger  than 
diffuse cytoplasmic and nuclear stainings. 
The heterogeneity or specificities of hspT0s with their tar- 
gets are not well understood. Members of 70-kD heat-shock 
proteins are commonly thought to interact with hydrophobic 
domains exposed on unfolded or damaged proteins (Pelham, 
1986; Beckmann et al., 1990; Flynn et al., 1991). However, 
the targets  of cytosolic hsp70s  are not limited to nascent 
polypeptides or damaged proteins.  Hsc70 is reported to in- 
teract with a distinct  sequence of clathrin  light chain  LCa 
(residues 47-71) (DeLuca-Flaherty et al., 1990). Moreover, 
prp73  (hsc70)  is  reported to bind to  specific  peptide se- 
quences (KFERQ and related sequences) that target intracel- 
lular  proteins  for  lysosomal degradation  (Chian_g et  al., 
1989). Our current results indicated that hscT0 interacts with 
highly positively charged NLSs, and its interaction  is appar- 
ently more efficient with transport competent NLS than point 
mutated transport incompetent NLS. 
Anti-hsc70  antibodies strongly inhibited  the nuclear ac- 
cumulation of various karyophilic  proteins such as nucleo- 
plasmin,  SV-40 T-antigen NLS bearing BSA, and histone H1. 
The inhibitory activity of the antibodies was absorbed by 
chromatographically purified recombinant hsc70 expressed 
in E. coli. This confirms that transport inhibition was caused 
by anti-hsc70  antibodies,  not by contaminating  antibodies 
against polypeptides not related to hsc70. Most importantly, 
the inhibition was specific to signal mediated import. These 
antibodies did not inhibit  the diffusive import of nonkaryo- 
philic  small  molecules,  such as small basic protein lyso- 
zyme. These results also showed that nuclear pores were not 
physically obstructed by, for example,  antibody-hsc7O com- 
plexes. The injection of anti-hsc70, at protein concentrations 
that completely inhibited nuclear import, did not kill the in- 
jected cells because these cells were viable and the effects 
were reversible. Moreover, the injection of  antibodies did not 
cause depletion of  cellular ATE because RNA synthesis con- 
tinued normally in the cells after injection of these antibod- 
ies. Thus although hsc70 is considered to participate in vari- 
ous cellular functions,  we conclude from our results that the 
inhibition of  nuclear transport by anti-hsc70 antibodies is not 
the result of pleiotropic physiological  effects. 
A number of NLS-binding proteins have been identified 
(Adam et al.,  1989; Yamasaki et al., 1989; Li and Thomas, 
1989; Meier and Blobel, 1990; Lee and Melese, 1989; Sil- 
ver et al., 1989). The relationships  of all these NLS-binding 
proteins are not yet known, but none of these reported pro- 
teins are members of the 70-kD heat-shock protein family. 
In spite of the use of the same NLS (for example SV-40 
T-antigen NLS) as probe, different strategies  (cross-linking, 
ligand blotting,  and in our case anti-peptide  antibodies)  and 
different experimental conditions have led to the identifica- 
The Journal of Cell Biology, Volume 119,  1992  1058 Figure 10. Effects of anti-hsc70 on nuclear import of small karyophilic and non-karyophilic molecules. Affinity-purified rabbit anti-hsc70 
antibodies (20 mg/ml in a, c, and d) or control antibodies (20 mg/ml in b, e, and f) were injected with RI'IC-labeled histone H1 (a and 
b). RITC-lysozyme (c and e) or FITC-dextran (d and  f). The ceils were then incubated at 37~  for 30 rain before fixation and the subcellular 
locations of injected molecules were examined by immunofluorescence microscopy. 
tions  of different NLS-binding  proteins.  Therefore, func- 
tional analyses are necessary to define the actual involve- 
ments  of these  proteins  in  nuclear  transport.  Adam  and 
Gerace (1991) purified bovine 54-56-kD cytoplasmic NLS- 
binding  proteins  that  support  nuclear  import  in  semi- 
permeabilized cells. Stochaj and Silver (1992) showed that 
antibodies against 70-kD cytoplasmic NLS-binding protein 
inhibit nuclear transport in  semi-permeabilized cells.  We 
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synthesis. HEL cells were plated on cov- 
erslips with small circles cut with a dia- 
mond knife. Immediately after injection 
of  anti-hsc70 antibodies  (at  a  protein 
concentration that completely inhibited 
nuclear protein import) into the  cyto- 
plasm of the cells  in the small circles, 
[3H]uridine was  added to  the  culture 
medium at a final concentration of 30 
/~Ci/ml.  After  labeling  for  30  rain at 
37~  cells  were fixed,  and autoradio- 
graphed as described previously (Yoneda 
et al., 1987). The cells on the right side 
of the  groove received  an injection of 
anti-hsdT0 antibodies whereas those on 
the left did not. 
have identified hsc70 as an NLS-binding protein. Antibodies 
against hsc70 inhibited nuclear transport in living cells. 
The presence of a number of NLS-binding proteins raises 
the possibility of the existence of multiple NLS receptors for 
SV-40 T  antigen-like NLS,  or since nuclear transport is a 
multi-step process,  the possibility that karyophilic proteins 
may need to interact with two or more NLS-binding proteins 
before they are transported into the nucleus. As the present 
results show that hsc70 has affinity to NLSs, it is interesting 
to consider the following possibilities for how this protein 
participates  in  nuclear  transport through  interaction  with 
NLSs.  First,  hsc70  could  be  one  of  the  multiple  NLS- 
receptors  that carries  karyophilic  proteins  from  the cyto- 
plasm into the nucleus. Second, hsc70 could promote correct 
assembly (or disassembly) between NLS and NLS receptors 
by interacting with NLSs. Third, hsc70 could be the ATPase 
involved  in  NLS-dependent  dilation  of the pore  channel. 
Further studies on factors that co-operate with hsc70 in nu- 
clear transport are required to determine its actual role. 
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Note Added in Proof. During submission of this paper, a study by Sift, Y., 
and J. O. Thomas (1992. Mol. Cell. Biol.  12:2186) was published,  which 
demonstrated  that hsp70 and hsc70 support the nuclear import of nucleo- 
plasmin  in semi-permeabilized cells. 
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